Abstract. The current trend in the automotive industry consists in decreasing the weight of the car body to reduce the fuel consumption and the air pollution. This can be done by using low-density materials such as the aluminium alloys having good formability. A frequently used aluminium alloy in the manufacturing of the car body components is AA6016-T4. The paper presents a full mechanical characterization of this material with 1 mm thickness. The investigation starts by performing tensile tests on specimens cut at 0 o , 45 o and 90 o from the rolling direction. For each direction, the yield stress and the anisotropy coefficients are determined. The mechanical parameters of the Hollomon hardening law are determined using the experimental data obtained on samples cut along the rolling direction. Besides the uniaxial parameters, the equibiaxial yield stress and the equibiaxial coefficient of anisotropy are determined by performing bulge tests and compression tests, respectively. The yield surface is characterized in the first quadrant not only by the uniaxial and equibiaxial yield stresses but also by the yield stresses associated to the plane strain status. An experimental strategy for determining the plane strain parameters based on bulge tests is described in the paper. The characterization of the AA6016-T4 aluminium alloy ends with the determination of the forming limit diagram. The tests used for determining the limit strains are the punch stretching and hydraulic bulging.
Introduction
The reports issued by the European automotive industry show that the average mass of the European vehicles has dramatically increased. As a consequence, the fuel consumption and the air pollution have also increased. The current legislation together with the requirements coming from the clients, enforce car manufacturers to add parts to the safety system, extra comfort, etc. This phenomenon is known as the "weight spiral" [1] . A strategy to reduce the mass of the car body consists in using low-density materials with good formability. Aluminium alloys are the ideal lightweight materials that can be used for this purpose [2] . At the same time, the economical environment enforces the automotive industry to reduce the time for part design in order to increase the efficiency and also to prevent the material waste. The use of the Finite Element (FE) simulation is a well known strategy that can be used to reduce the time consumption and the cost of the product development, as well as to optimize the technical solutions. The numerical simulation of a sheet metal forming process demands mathematical constitutive laws describing the anisotropic behaviour of the material. To capture with enough accuracy the plastic deformation, complex formulations of material models have been developed and implemented in finite element programmes. Their identification procedures require mechanical parameters determined from various experimental tests. The latest yield criteria [3] implemented in the finite element programmes necessitates in the identification procedure a large number of the mechanical parameters. Sometimes the required mechanical parameters are not available. In order to avoid as much as is possible this situation, some yield criterion can be used with less mechanical parameters. In [4] authors studied the influence of the mechanical parameters on the accuracy of the sheet metal forming simulation based on such a flexible yield criterion.
The forming limit curve (FLC) is an efficient tool used as a limitation criterion of the strain predicted by the FE simulation. This is the final item used in order to establish the formability of the sheet material. Different theoretical models [3] have been used to calculate the limit strains, some of the approaches are implemented in the finite element programmes. The mechanical parameters of the sheet metals have a strong influence on the FLC. A study regarding to this issue is presented in [5] . In this paper, a characterization at the macro scale of the AA6016-T4 aluminium alloy is presented. According to [6] , this material is often used for manufacturing the outer panels of the car body, while for the inner panels AA5182-0 aluminium alloy is used. A study regarding to anizotropy and formability of this material is presented in [7] . The investigation starts by performing tensile tests in order to determine the uniaxial parameters and the coefficients of Hollomon's hardening law. The uniaxial parameters are the yield stresses and coefficients of plastic anisotropy determined on samples cut at 0 o , 45 o and 90 o from the rolling direction. In the equibiaxial region, the material is characterized by the corresponding yield stress and anisotropy coefficient. Two major yield stresses in plane strain tension at 0 o and 90 o from rolling direction are also determined by means of a bulge test. Finally, the forming limit curve of the AA6016-T4 sheet metal is determined. One may notice that the GUI allows the user to introduce the experimental data in order to compute the parameters involved in the hardening law, yield criterion and FLC. These model items reflect the anisotropic behaviour and the formability of the material. By having a full characterization of the material, a finite element simulation can be performed.
Determination of the mechanical parameters
Investigated material. The material used in this study is an AA6016-T4 aluminium alloy with 1mm thickness. The chemical composition of the material is presented in Table 1 [EN 573-3:2007].
The alloy belongs to the 6xxx series and it has been delivered in a T4 status (solution heat treated and naturally aged). The material is a precipitation hardening aluminium alloy, containing magnesium and silicon as its major alloying elements. The experiments have been carried out using a Zwick-Roell 150kN universal tensile testing machine equipped with an extensometer with 20mm gauge-length. The experimental data has been processed using testXpert II software. For each direction mentioned above, five tensile tests have been performed. Fig. 1 shows the averaged stress-strain curves resulted from the experiments. In Table 2 , the mean values of the following uniaxial mechanical parameters have been listed: yield stresses, anisotropy coefficients, tensile strengths (UTS), coefficients of Hollomon's hardening law. The strain rate used in the tensile tests has been set to 10 -3 s -1 .
Biaxial mechanical parameters. In order to describe the equibiaxial region, two mechanical parameters have been experimentally determined: equibiaxial yield stress and equibiaxial coefficient of anisotropy. The equibiaxial yield stress resulted from a bulge test. Fig. 3 shows the mechanical configuration of the hydraulic bulging device [9] . The notations used in the sketch have the following significance: q -blank holding force; p -current level of the pressure during the bulging process; s -current thickness of the deformed specimen in the polar region; ρ -current bulge radius. Fig. 3 . Principle of the hydraulic bulge test Fig. 4 shows the experimental equipment used to perform the bulge tests and to process the experimental data sets. The specimen bulging is the result of the pressure applied on its lower face. The evolution of the pressure is controlled by the ERICHSEN device. The polar strain field and the bulge radius are obtained and processed by the ARAMIS 3D measurement system. One assumes that during the bulge test, the sheet metal behaves as a membrane under plane-stress conditions. Thereby, the Laplace equation can be applied in order to determine the stress level in the polar region: 
where 1 σ and 2 σ represents the principal stresses, RD ρ and TD ρ are the bulge radii along RD and TD, respectively. In the equibiaxial case, the principal stresses and the corresponding radii are almost equal, i.e. 
The current thickness s is computed according to the material volume conservation and assuming the equality of the principal strains. In order to calculate the equibiaxial yield stress an energetic method has been used. The method consists in equating the plastic work dissipated in equibiaxial and uniaxial traction regimes. The method is detailed in [10] . By following that procedure, the value of equibiaxial yield stress has been established at 140.76 MPa. For determining the equibiaxial anisotropic coefficient [11] , 10 mm disc plate has been subjected to thickness compression tests. The friction effects have been reduced by using Teflon foils with 0.15 mm thickness. The equibiaxial anisotropic coefficient has been computed by using the following formula:
where
where f D and i D is the final and initial diameter of the specimen. The value of the equibiaxial anisotropic coefficient has been established at 1.069.
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Circle1: Normal to X direction
Determination of the yield surface
An accurate description of the mechanical behaviour of a material consists in the experimental determination of the yield surface. The unaixial and equibiaxial tests provided four yield stresses. Those are the yield stresses determined on samples cut at 0 o , 45 0 and 90 o from the rolling direction as well as equibiaxial yield stress. In the following, an experimental strategy to determine the major stresses in the plane strain condition to 0 o and 90 o will be presented. The plane strain status is very difficult to obtain in laboratory tests due to the fact that a zero extension-compression should achieved along a certain direction. The classical experimental method used to obtain the plane strain yield stress is the tensile test performed on the wide samples [11] . The new test proposed to attain the plane-strain is based on the principle of the bulge process. The geometry of the specimen is shown in Fig. 5 . The specimen is placed on the top surface of a carrier blank cut from the same material (see Fig. 3 ). Under the action of the oil pressure, both the specimen and the carrier deform in the same time. Fig. 6 shows the major strain and the thickness reduction in the central region of the specimen, i.e. between the circular holes. In that particular region, the plane strain condition has been observed. 
Determination of the forming limit curve
The FLC is a curve relating pairs of principal limit strains, which can be obtained at the surface of the sheet metal during a forming process prior to the occurrence of some defects (necking, fracture, etc.). The experimental determination of FLC followed the instructions of the international standard ISO 12004-2 [14] . The geometry of the specimens is presented in figure 8 . By varying the width of the specimen, different strain states can be achieved. The correspondence between the geometry of the specimens and the regions of the forming limit diagram is clearly defined in figure 8 . The specimens are subjected to a punch stretching. In order to reduce the friction between the specimen and the rigid punch, Teflon foils have been used. Even so, there is not possible to reach the equibiaxial limit strains ( 1 2 ε = ε ). In that case, hydraulic bulging is the simplest procedure that can be used to obtain such a state. Fig. 8 Correspondence between the geometry of the specimens and the regions of the forming limit diagram
The strain distribution on the surface of specimens has been measured with an ARAMIS 3D optical system (see Fig. 4 ). The measurements have been performed using a "position-dependent" method. The limit strain has been determined according to Bragard's method. In the top of the figure 8, the forming limit curve determined for AA6016-T4 aluminium alloy has been plotted.
Conclusions
In this paper, a characterization of the plastic behaviour of the AA6016-T4 aluminium alloy with 1 mm thickness has been presented. The values of the uniaxial and equibiaxial mechanical parameters have been experimentally determined. An accurate determination of the yield surface has been accomplished by supplementing the input data with the yield stresses associated to the plane strain conditions along the rolling and transverse directions, respectively. The plane strain characteristics have been determined using a new experimental methodology based on the principle of the bulge test. The methodology consists in the controlled deformation of a pierced specimen clamped against a carrier blank. The minor yield stresses in plane strain conditions have been evaluated using the BBC 2005 yield criterion. The proposed methodology provides very good results. The mechanical characterization of the material ends with the determination of the forming limit curve.
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